Nordihydroguaiaretic acid (NDGA) is known to have prominent anticancer activity against several cancers, and is also known to be an inhibitor of 5-lipoxygenase (5-LO). In this study, we investigated the regulatory function of NDGA on inflammatory bone destruction mediated by osteoclasts. NDGA markedly inhibited receptor activator of nuclear factor-kB (NF-kB) ligand (RANKL)-induced formation of osteoclasts in cultures of murine osteoclast precursor cell line RAW-D cells and primary bone marrow-derived macrophages culture systems. The inhibitory effect of NDGA on osteoclastogenesis did not arise from the inhibition of 5-LO activity. NDGA did not affect MAPKs, such as p38, JNK, and NF-kB, but significantly inhibited the induction of NFATc1, a key transcription factor for osteoclastogenesis. NDGA also suppressed activation of ERK in osteoclast precursors. RANKL-induced calcium oscillation observed in osteoclast precursors was completely diminished by the addition of NDGA. In mature osteoclasts, RANKL-induced nuclear translocation of NFATc1 was clearly inhibited by NDGA treatment. Finally, in vivo studies demonstrated that administration of NDGA significantly reduced severe bone destruction and osteoclast recruitment in the ankle joint of rats with adjuvant-induced arthritis. These results indicate the potential utility of NDGA as a therapeutic agent for ameliorating inflammatory bone destruction in rheumatoid arthritis.
Rheumatoid arthritis (RA) is a systemic, chronic inflammatory autoimmune disease, accompanied by severe bone destruction. 1, 2 Bone destruction is mediated primarily by the bone-resorbing cells, osteoclasts, highly specialized multinucleated giant cells derived from hematopoietic stem cells. Abundant recruitment of osteoclasts is observed at sites of severe bone destruction in RA patients 3 and in animal models of RA. [4] [5] [6] Receptor activator of nuclear factor-kB (NF-kB) ligand (RANKL) is known as a key regulator of osteoclast differentiation and function in normal bone metabolism. 7 RANKL binds to its receptor RANK and induces signaling events involving activation of MAPKs, calcium oscillation, and NFATc1. 8 RANKL is also highly expressed in synovial fibroblasts and T cells in inflammatory synovial tissues, and is considered to have an important role in the aberrant stimulation of osteoclastogenesis in inflammatory lesions. 4, 9 Treatment with osteoprotegerin, the soluble decoy receptor for RANKL, 10 has been shown to reduce osteoclast number and prevent bone erosion in collagen-induced arthritis. 11 Bisphosphonates, pyrophosphate derivatives comprising a class of synthetic pharmacological agents used for blocking osteoclastogenesis, protect against bone loss in animal models of arthritis. [12] [13] [14] Moreover, in the osteoclastfree animal model of arthritis, the decisive role of osteoclasts for arthritic bone erosion has been documented. 15, 16 Thus, controlling osteoclastogenesis is considered to be one effective approach for protection of bone destruction in RA. Recently, it has been noticed that administration of bisphosphonates induces bisphosphonate-related osteonecrosis of the jaw. Biological medicines, eg, anti-TNF antibody and anti-RANKL antibody, are now recognized as a powerful medicine to treat RA; however, these medicines could cause some side effects involving incidence of pneumonia.
Nordihydroguaiaretic acid (NDGA) is a phenolic compound originally isolated from the creosote bush (Larrea tridentata), which has been utilized from ancient days by native North Americans to treat various diseases, including arthritis and rheumatism. 17 Recently, it has been revealed that NDGA possesses a potent anticancer activity against various cancer cells. NDGA inhibits proliferation of breast cancer cells through suppressing IGF-I receptor signaling. 18 NDGA also inhibits growth of prostatic cancer cells through suppressing activation of IGF-I receptor. 19 Intensive clinical trials are now in progress to develop NDGA as a potent anticancer drug for prostatic cancer. Thus, NDGA is supposed to have minimum side effects and could be developed as an effective regulator of bone destruction. NDGA is also known as an inhibitor of 5-lipoxygenase (5-LO), one of the key enzymes of the arachidonic acid pathways. 17 In this study, we investigated the possible regulatory function of NDGA on osteoclastogenesis and found that NDGA significantly inhibited osteoclastogenesis in vitro. We also addressed the molecular mechanism of the inhibitory action of NDGA on osteoclastogenesis and obtained lines of evidence, suggesting that NDGA suppresses osteoclastogenesis through inhibiting NFATc1. In addition, we investigated the regulatory function of NDGA on inflammatory bone destruction in vivo in rats with adjuvant-induced arthritis (AA), accompanied by severe bone destruction around the ankle joints, and found that NDGA markedly inhibits bone destruction in AA rats.
MATERIALS AND METHODS Differentiation of Osteoclasts
Osteoclast differentiation was induced from bone marrowderived macrophage (BMM) preparations. Briefly, bone marrow cells were isolated from the tibia and femur of 5-week-old male C57BL/6J mice. The bone marrow cells (2 to 3 Â 10 7 cells in a 10-cm dish) were cultured with a-MEM (GIBCO, Grand Island, NY, USA) containing 10% FBS (Biosource, Rockville, MD, USA) in the presence of 10 ng/ml M-CSF (PeproTech, London, UK) for 24 h. The non-adherent cells were collected and cultured in a-MEM containing 10% FBS and 20 ng/ml M-CSF. After 3 days, adherent cells were considered BMMs. For osteoclast generation, BMMs were further cultured in the presence of 50 ng/ml RANKL and 20 ng/ml M-CSF for 5 days. To evaluate the effect of NDGA (Biomol International, Enzo Life Science, Farmingdale, NY, USA) on osteoclastogenesis, various concentrations of NDGA were added to these cultures at the same time as RANKL treatment. At the end of culture, the cells were fixed and stained for TRAP. TRAP-positive (TRAP þ ) multinucleated cells (MNCs) containing three or more nuclei were then counted. Osteoclast-like cells were also generated from RAW-D cells, a subclone of the murine macrophage cell line, RAW264, having extremely high potential ability to differentiate into osteoclast-like MNCs. 20 RAW-D cells were cultured in 96-well plates (6.8 Â 10 3 cells per well) in a-MEM containing 10% FBS for 3 days in the presence of RANKL (20 ng/ml), TNF-a (1 ng/ml), and various concentrations of NDGA. After 3 days, the cells were stained for TRAP, and TRAP þ MNCs were counted.
Osteoclasts were formed in rat whole bone marrow cell culture system as described previously. 21, 22 Briefly, bone marrow cells were obtained from the tibia and femur of 4-week-old male SD rats and cultured in 24-well plates (1 Â 10 6 cells per well) in a-MEM containing 15% FBS in the presence of 10 À 8 M 1a,25(OH) 2 D 3 and 10% heat-treated conditioned medium of osteoblast cell line, ROS 17/2.8. 22 To confirm the formation of rat osteoclasts, cells were stained for osteoclast-specific antigen Kat1 as described previously. [23] [24] [25] Bone Resorption Assay Osteoclasts were formed in rat whole bone marrow cell culture system as described above. After 4 days of culture, the cells were detached from the culture plates with 0.05% trypsin and 0.02% EDTA. They were replated on a calciumphosphate thin layer-coated BioCoat Osteologic slides (BD Biosciences, Bedford, MA, USA) with a-MEM containing 15% FBS in the presence or absence of NDGA. After 2 days of culture, attached cells were removed from the slides using 6% sodium hypochlorite. Von Kossa staining was performed to stain unresorbed area, according to the manufacturer's protocol. Images of pits, identified as the unstained area, per well were obtained using inverted microscopy (BZ-8100; Keyence, Japan), and the total areas of resorption pits and the total number of resorption pits per well were determined using BZ analyzer software (Keyence).
Cell Viability
Cell viability was measured by MTT assay. Osteoclast-like MNCs from RAW-D cells or mouse BMMs were incubated with MTT for 4 h and lysed in lysing solution (20% sodium dodecyl sulfate in 50% dimethylformamide). After overnight incubation, absorbance at 595 nm was determined with a microplate reader.
Reverse Transcription PCR RAW-D cells were cultured in six-well plates (1.5 Â 10 5 cells per well) with RANKL and TNF-a for the indicated times. Total cellular RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and subjected to reverse transcription PCR (RT-PCR) using a RT-PCR kit (Takara Bio, Otsu, Japan Western Blotting RAW-D cells were starved in a-MEM containing 0.5% FBS for 5 h followed by incubation with or without NDGA for 60 min. These cells were stimulated with 300 ng/ml RANKL and further incubated for the indicated times. Thereafter, the cells were collected and lysed in lysis buffer containing 1% Triton X-100, 0.5% NP-40, 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma, St Louis, MO, USA). The lysates containing equal amount of proteins were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. After blocking with 5% non-fat dry milk, the membranes were probed with anti-phospho ERK1/2, JNK1/2, or p38 Abs and reacted with peroxidase-conjugated anti-mouse or anti-rabbit IgG Abs. Immunoreactive bands were visualized using an ECL kit (Amersham Biosciences, Buckinghamshire, UK). After stripping bound Abs, the same membranes were reprobed with anti-ERK1/2, JNK1/2, p38, IkB, NFATc1, or actin.
Nuclear Translocation of NFATc1
Osteoclast-like MNCs from mouse BMM cultures were incubated with RANKL (50 ng/ml) for 30 min in the presence or absence of NDGA (5 mM), after which the cells were fixed in 4% PFA/PBS (10 min, room temperature), washed in PBS, and permeabilized with 0.1% Triton X-100 (5 min, room temperature). After blocking with 5% goat serum (30 min, room temperature), the cells were incubated with anti-NFATc1 antibody (1:100 in PBS; Santa Cruz Biotechnology) overnight at 4 1C. The cells were washed in PBS and incubated with Cy3-conjugated anti-mouse IgG secondary antibody (1:100 in PBS; Jackson) for 1 h at room temperature. After rinsing in PBS, the nuclei were stained with DAPI (Invitrogen), and the fluorescent images were examined using fluorescence microscopy (BZ-8100; Keyence).
Intracellular Ca
2 þ Measurement RAW-D cells were cultured with RANKL (20 ng/ml) for 24 h in the presence or absence of NDGA (5 mM). For intracellular Ca 2 þ measurement, the cells were incubated with 5 mM fluo-4 AM and 0.05% pluronic F127 for 30 min in serum-free a-MEM, and then washed twice with Hanks' balanced salt solution. The cells were excited at 488 nm, and fluorescence emission at 520 nm for fluo-4 AM were monitored using an AQUA COSMO Ca 2 þ imaging system (Hamamatsu Photonics, Hamamatsu, Japan) at 2 s intervals. To estimate intracellular Ca 2 þ levels in single cells, the fluorescence intensity of fluo-4 AM from the basal level was calculated and expressed as the percent of maximum ratio increase, which was obtained by the addition of 10 mM ionomycin (Sigma) at the termination of experiments.
Luciferase Reporter Assay
The NF-kB-dependent reporter assay was performed as described previously. 26 Briefly, RAW-D cells were cotransfected with NF-kB-dependent reporter plasmid p55IgKLuci or control vector p55Luci and the Renilla luciferase plasmid pDTK-RL using a transfection reagent, fugene-6 (Roche Diagnostics, Basel, Switzerland). Cells were cultured for 24 h, and then stimulated with RANKL (100 ng/ ml) and various concentrations of NDGA for 24 h. Cells were then collected and luciferase activity was measured using a dual-luciferase reporter assay system (Promega, Madison, WI, USA) on a luminometer (LUMAT LB9507; Berthold Technologies, Bad Wildbad, Germany). Luciferase activity was normalized to the Renilla luciferase activity of a cotransfected pDTK-RL vector to correct for variation in transfection efficiency.
Induction of Adjuvant Arthritis and lCT Analysis
Adjuvant arthritis was induced as described previously. 27 Briefly, 5-week-old female Lewis rats (Kyudo, Tosu, Japan) were intradermally injected at the base of the tail with complete Freund's adjuvant (CFA) consisting of 25 mg/kg heat-killed Mycobacterium butyricum suspended in mineral oil (CFA rats, n ¼ 7). Rats injected with mineral oil alone were used as control, termed 'none' rats (n ¼ 6). NDGA (30 mg/kg) was administrated intraperitoneally every 2 days beginning on day 11 after the adjuvant injection (CFA/ NDGA rats, n ¼ 7), when clinical symptoms (redness or swelling) were detected in the ankle joints. The paw swelling and clinical score were monitored every 2 days. Paw swelling was measured with a digital micrometer (Mitutoyo, Iishikawa, Japan). Clinical scores were determined using a visual scoring method, 28 which was defined as follows: grade 0, no swelling; grade 1, detectable swelling in a single digit; grade 2, swelling in more than one digit; grade 3, swelling of all digits and the instep; and grade 4, severe swelling of the paw and ankle. Each limb was graded, yielding a maximum possible score of 16 per animal. The animals were killed at the end of the experiment (day 28), and the hind paws (tarsal bone and tibia) were collected and performed bone morphological analysis using a mCT Skyscan 1076 scanner (Skyscan, Konitich, Belgium). Scanning was set to 80 kV and 200 mA, and 9 mm of one scan image. We generated a threedimensional reconstruction with InstaRecon/NRecon software (Skyscan) from the data set of scans. We also performed the quantitative analysis of the scanning images at a distance of 2 mm from the distal growth plate of tibia. The bone volume/total tissue volume (BV/TV), bone surface/ tissue surface (BS/TS), trabecular number (Tb.N), and trabecular separation (Tb.Sp) were calculated.
Histological Analysis
After mCT scanning, the hind paws of rats were fixed in 4% paraformaldehyde/PBS, decalcified in 10% EDTA for 3 weeks at 4 1C, and embedded in paraffin. Sections (8 mm) of ankle joints were prepared and stained with hematoxylin/eosin. The sections were also stained for TRAP.
Ethics Committee Approval
All animal experiments were performed according to the guidelines for 'Care and Use of Animals of Kyushu University'.
RESULTS

NDGA Inhibits Osteoclast Differentiation In Vitro
We examined the effects of NDGA on osteoclastogenesis in two in vitro culture systems, (1) the osteoclast precursor cell line RAW-D cells and (2) primary BMMs. NDGA markedly inhibited the formation of TRAP-positive MNCs in RAW-D cell cultures in a dose-dependent manner (Figure 1a) . NDGA also significantly inhibited the formation of osteoclasts generated from mouse BMMs (Figure 1b) . Incubation of RAW-D cells or BMMs with NDGA (1-10 mM) for 72 h did not produce evidence of cytotoxicity or reduced cell proliferation in the presence or absence of RANKL, indicating that the inhibitory effect of NDGA on osteoclastogenesis was not due to cytotoxicity or reduced cell growth (Figure 1c) . In rat bone marrow culture system, NDGA also inhibited formation of osteoclast-like MNCs, which were positive for TRAP and Kat1 antigen, the osteoclast-specific cell-surface antigen (Figure 1d ). Treatment of these cultures with NDGA also inhibited the expression of genes associated with osteoclast differentiation, such as ATP6V0d2, DC-STAMP, TRAP, cathepsin K (Ctsk), c-Src, and integrin b3 (Figure 1e ).
Inhibition of Bone Resorption Activity by NDGA Differentiated MNCs exhibit a morphological and functional polarization and begin to resorb mineralized bone surface. To examine the effect of NDGA on the function of mature osteoclasts, we assessed the ability of mature osteoclast-like MNCs formed in the rat whole bone marrow culture system to form pits on dentin slices in the presence or absence of NDGA. NDGA efficiently reduced both the total area of resorption pits and the total number of pits (Figure 2a and b). The inhibitory effect of NDGA on bone resorption activity was also confirmed using BioCoat Osteologic slides (Figure 2c-e) .
Suppression of Osteoclast Formation by NGDA Does not Depend on Lipoxygenase Inhibition NDGA is a known inhibitor of 5-LO. 5-LO catalyzes the synthesis of 5(S)-hydroxy-6-trans-8,11,14-cis-eicosatetraenoic acid (5(S)-HETE) and leukotriene LTA4 from arachidonic acid. 29 LTA4 can be further metabolized to the LTB4 or cysteinyl leukotrienes (LTC4, LTD4, and LTE4). 29 To test whether the inhibitory effects of NDGA on osteoclast formation is dependent on the inhibition of 5-LO activity, 5-LO metabolites, such as 5-HETE, LTB4, and LTC4, were added to RAW-D cell cultures after pretreatment with NDGA. The addition of 5-LO metabolites did not reverse the inhibitory effect of NDGA on osteoclast formation (Figure 3a-c) . We also examined the effect of another 5-LO inhibitor, REV-5901, 30 on osteoclast formation. We found that REV-5901 did not affect osteoclast formation even at the high concentration of 20 mM (the IC 50 of REV-5901 for 5-LO is 6 mM; Figure 3d , left panel). Because NDGA also inhibits 12-LO, we also tested the effect of the 12-LO inhibitor, baicalein, 31 and found that baicalein (1-20 mM) (IC 50 for 12-LO is 0.12 mM) had no effect on osteoclast formation (Figure 3d , right panel). Taken together, these results indicate that NDGA suppresses osteoclastogenesis through a mechanism that is independent of the inhibition of lipoxygenase activity.
NDGA Inhibits Nuclear Translocation and Calcium
Signaling Induced by RANKL It is believed that NFATc1 is a master transcription factor for osteoclast differentiation and regulates the expression of genes associated with osteoclastogenesis. 32 Therefore, we examined the effects of NDGA on NFATc1 expression. In the RAW-D cell culture system for osteoclastogenesis, the expression of NFATc1 mRNA induced by RANKL was markedly inhibited by NDGA treatment in a dosedependent manner (Figure 4a) . Addition of NDGA significantly suppressed the level of NFATc1 protein expression induced by RANKL (Figure 4b ). The mRNA induction of NFATc1 by RANKL is regulated by an autoamplification mechanism of NFATc1. 33 We next examined the effect of NDGA on the nuclear localization in osteoclasts. Mature osteoclasts formed from mouse BMMs were incubated with RANKL for 30 min in the presence or absence of NDGA, and the localization of NFATc1 was examined by immunofluorescence staining. RANKL-treated cells revealed obvious nuclear translocation of NFATc1 (Figure 4c , left panels). However, NDGA treatment significantly suppressed the RANKL-stimulated translocation of NFATc1 to the nuclei (Figure 4c , right panels). These observations suggest that the inhibition of NFATc1 protein expression and blockage of nuclear translocation of NFATc1 are critical steps in the inhibition of osteoclastogenesis by NDGA.
It has been shown that RANKL-induced Ca 2 þ oscillation is essential for the translocation of NFATc1, which is critical for the sustained NFATc1 nuclear translocation. 33 We examined the effect of NDGA on Ca 2 þ oscillation in RAW-D cells stimulated with RANKL. As shown in Figure 4d , RANKL-induced Ca 2 þ oscillation (upper panel) was markedly inhibited by NDGA (lower panel). These data strongly indicate that the inhibitory effect of NDGA on NFATc1 expression was mediated through inhibition of RANKLinduced Ca 2 þ oscillation.
Effect of NDGA on RANK Signaling Pathway
The MAPK and NF-kB signaling pathways downstream of RANK signaling are involved in osteoclastogenesis. We investigated how NDGA affects these signaling pathways. RAW-D cells (Figure 5a : the left and right panels) or mouse BMMs ( Figure 5b ) were stimulated with RANKL in the presence or absence of NDGA for 0-30 min. RANKL induced rapid phosphorylation of ERK, P38, and JNK (Figure 5a and b, lanes 2-4). The phosphorylation of p38 and JNK was not significantly affected by the addition of NDGA (Figure 5a and b, lanes 6-8). However, NDGA markedly inhibited the phosphorylation of ERK (Figure 5a and b, lanes 6-8) . NDGA slightly suppressed RANKL-induced IkB phosphorylation but not IkB degradation (Figure 5c ). We further evaluated potential effects of NDGA on transcriptional activity of NFkB. RAW-D cells were transiently transfected with a NF-kBdependent reporter plasmid p55IgKLuci and stimulated with RANKL in the presence of NDGA. Treatment of NDGA did not significantly affect transcription of the NF-kB reporter genes (Figure 5d ).
Systemic Treatment of NDGA Does not Prevent Development of Arthritis, but Significantly Suppresses Bone Destruction in AA Rats
To investigate the effects of NDGA in vivo, we analyzed whether NDGA affects bone destruction in AA rats. NDGA (30 mg/kg) injections were initiated on day 11 after CFA immunization, at which point the slight swelling of joints could be observed. Treatment with NDGA did not significantly decrease joint inflammation, as measured by clinical score (Figure 6a ) or amount of swelling of hind paws (Figure 6b ). At the end of the experiments, we performed the bone morphological analysis of hind paws using mCT. The three-dimensional bone surface images demonstrating the CFA-injected rats show severe bone destruction in ankle joints (Figure 6c , mCT, middle panel: CFA); in contrast, in CFA-injected rats treated with NDGA, bone destruction was significantly suppressed (Figure 6c , mCT, right panel: CFA/ NDGA and Figure 6d ), especially in distal tibia. The histological analysis has also shown that the bone destruction observed in distal tibia of AA rats was significantly suppressed by NDGA treatment (Figure 6c , H/E). In addition, numerous TRAP-positive osteoclasts were observed in distal tibia of AA rats (Figure 6c , TRAP, middle panel: CFA and Figure 6e ), whereas the number of TRAP-positive osteoclasts in the corresponding area was significantly reduced in NDGA-treated rats (Figure 6c , TRAP, right panel: CFA/ NDGA and Figure 6e ). Quantitative analysis of the mCT scanning images at a distance of 2 mm from the distal growth plate of tibia was performed. The BV/TV, BS/TS, and Tb.N were significantly decreased and the Tb.Sp was clearly increased in AA rats, whereas the treatment of NDGA significantly recovered these parameters (Figure 6d ). These results strongly indicate that NDGA suppresses bone destruction accompanying arthritis through inhibiting osteoclast formation. We further examined the effects of NDGA on normal bone metabolism. Administration of NDGA into normal rats did not show significant effect on bone density, as well as on bone morphology, as shown in Figure 6f . These data indicate that NDGA suppressed inflammatory bone destruction without altering the normal bone metabolism.
DISCUSSION
In this study, we have determined that NDGA effectively inhibited osteoclastogenesis in a direct manner on cells in the osteoclast lineage in murine cell culture systems for evaluating osteoclastogenesis. We also confirmed using rat bone marrow cultures that NDGA significantly suppressed formation of osteoclasts, expressing osteoclast-specific cell surface antigen Kat1. [23] [24] [25] We also demonstrate the utility of NDGA in the control of inflammatory bone destruction. NFATc1 is a nuclear transcription factor induced by RANKL that is believed to have a central role in RANKL-induced osteoclast differentiation. 32 In this study, we observed a marked suppression of the levels of NFATc1 mRNA and protein by NDGA treatment. In addition, we found that NDGA markedly inhibited expression of NFATc1-induced genes, 32,34-37 such as TRAP, Ctsk, integrin b3, Atp6v0d2, and DC-STAMP. These results strongly indicate that suppression of NFATc1 induction is a crucial molecular event for the inhibitory effects of NDGA on osteoclast formation. Induction of NFATc1 occurs downstream of RANK signaling following activation of the MAPK and NF-kB pathways. 8, 38 In our study, the activation of p38 and JNK in response to RANKL was not significantly affected by NDGA. NDGA did not affect RANKL-induced IkB phosphorylation and IkB degradation involved in NF-kB signaling, and the transactivity of NF-kB was not significantly affected by NDGA treatment, suggesting that the NF-kB pathway does not have an important role in the inhibitory effect of NDGA on NFATc1 induction and osteoclastogenesis. However, NDGA markedly suppressed RANKL-induced activation of ERK. As several reports have demonstrated the essential role of ERK on osteoclast differentiation, 39, 40 inhibitory action of NDGA on ERK activation could result in the suppression of osteoclastogenesis by NDGA. There have been several studies suggesting that RANKLinduced Ca 2 þ oscillations are essential for the induction of NFATc1 during osteoclastogenesis. Takayanagi oscillation-NFATc1 pathway on osteoclastogenesis. Therefore, we further investigated whether NDGA could affect Ca 2 þ oscillation induced by RANKL. Interestingly, we could successfully demonstrate a potent inhibitory action of NDGA on RANKL-induced intracellular Ca 2 þ oscillation in osteoclast precursors. The inhibitory effect of NDGA on intracellular calcium level has been previously described. Culver et al 43 reported that NDGA inhibits TNF-induced apoptosis by preventing a rise in the intracellular calcium level in the 3T3-like murine fibroblast cell line. However, the effect of NDGA on Ca 2 þ oscillation associated with osteoclastogenesis has not been previously reported. In this study, we have also demonstrated that NDGA markedly suppressed translocation of NFATc1 to the nuclei of mature osteoclasts. Our data indicate that NDGA inhibits induction of NFATc1 through suppressing calcium signaling, which could result in the suppression of osteoclastogenesis. Activation of ERK is also known to associate with calcium signaling. 44 In neurons, signaling of ERK is required for the activation of nuclear substrates during induction of longterm potentiation, a persistent increase in synaptic strength following high-frequency stimulation of chemical synapse, which is considered a cellular correlate of learning and memory. 44 Activation of ERK propagates signals generated by synaptically evoked calcium into the cell nucleus. In osteoclast precursors, there could be some relationship between the alteration in the level of ERK phosphorylation and the modulation of Ca 2 þ oscillation. Further studies are required to determine the detailed molecular events concerning the suppression of RANKL-induced Ca 2 þ oscillation and osteoclastogenesis by NDGA. NDGA significantly inhibited phosphorylation of ERK without affecting the expression of ERK protein. NDGA could directly bind to ERK protein itself to induce some conformational change, which affects phosphorylation. It is also possible that NDGA inhibits MAPK upstream of ERK1/2, which results in the suppression of ERK phosphorylation. More direct evidence concerning the target molecule of NDGA is required to address the mechanism of ERK inhibition by NDGA.
Although the biological activities of NDGA are generally dependent on its anti-lipoxygenase activity, biological functions independent from this mechanism have also been reported. 43, 45 NDGA regulates IFN-g-mediated inflammation through mechanisms unrelated to the inhibition of 5-LO. 43 In this work, we investigated the inhibitory mechanism of NDGA on osteoclastogenesis. Rev-5901, 30 another 5-LO inhibitor, showed no apparent inhibitory effect on osteoclast Figure 5 Effects of NDGA on the RANKL signaling pathways. RAW-D cells (a, c) or mBMMs (b) were starved in a-MEM containing 0.1% FBS for 5 h and incubated with or without NDGA for 60 min, followed by stimulation with RANKL (300 ng/ml) for indicated time periods. Total cell lysates were prepared, and equal amount of proteins were subjected to western blot analysis with the indicated Abs. (a, right panels) The density of each band was quantified by using Image J software. The vertical axis demonstrates the ratio of the expression of each protein against that of actin. (d) Luciferase assay was performed to evaluate NF-kB transcription. RAW-D cells were transiently transfected with NF-kB-dependent reporter plasmid p55IgKLuci or control vector p55Luci. Transfected cells were cultured for 24 h and then stimulated with RANKL (100 ng/ml) and varying concentrations of NDGA. The cells were then collected and the luciferase activity was measured.
formation in RAW-D cell cultures. Furthermore, NDGAinduced inhibition of osteoclastogenesis was not reversed by the addition of 5-LO metabolites. NDGA is also known to inhibit 12-LO; however, a 12-LO-specific inhibitor baicalein 31 showed no effect on osteoclast formation in our experiments. These results indicate that the mechanism by which NDGA suppresses osteoclastogenesis is not through inhibiting 5-LO and/or 12-LO enzyme activity.
Micro CT and histological analyses of AA rats treated with or without NDGA clearly demonstrated that the bone destruction of ankle joints, including distal tibia and tarsal bone, was significantly prevented by NDGA. In addition, the marked reduction of osteoclastogenesis was apparent in NDGA-treated AA rats. Anti-osteoclastogenic reagents, such as OPG and bisphosphonates, have successfully prevented bone destruction in animal models of arthritis. [11] [12] [13] [14] The inhibitory effect of NDGA on bone destruction in AA rats is thought to be mediated through the direct action of NDGA on osteoclastogenesis at the site of bone destruction. This hypothesis is also supported by our in vitro experiments, in which NDGA markedly inhibited osteoclast formation through suppressing NFATc1 signaling as well as blocking RANKL-induced Ca 2 þ oscillation. Thus, NDGA treatment should provide another ideal medication for controlling inflammatory bone destruction. Administration of NDGA did not affect normal bone metabolism in normal rats, however, NDGA slightly suppressed formation of osteoblastlike cell colonies from bone marrow cells (data not shown). Further studies are required to conclude the effects of NDGA on osteoblastogenesis. ) of the TRAP-stained sections of the distal tibia (6 unit-areas from three independent sections). ***Po0.01 (n ¼ 6). (f) Effect of NDGA on normal bone metabolism. NDGA was administered intraperitoneally to normal Lewis rats (30 mg/kg) every 2 days for 26 days followed by the mCT analysis. Radiographs of sagittal axis for control rats ('none'), to which vehicle PBS was injected, and NDGA-treated rats ('NDGA') are demonstrated. Data show radiographs of tibia and femur involving knee joints from three different rats for each experimental group.
Several reports have suggested that NDGA possesses antiinflammatory activity. 17, 46 Culver et al 43 and Eads et al 47 reported that NDGA and its methylated derivative, terameprocol, inhibit production of TNF-a and several other inflammatory cytokines induced by LPS. However, in this study, inflammatory parameters, such as paw swelling, and inflammatory scores in AA rats were not significantly reduced by NDGA treatment. To investigate the direct effect of NDGA on osteoclastogenesis in vivo, we have performed NDGA treatment after the onset of inflammation in AA rats (on day 11). Although in this study the inflammation of AA was not significantly inhibited by NDGA treatment, our data do not exclude a possibility that earlier administration of NDGA may inhibit the inflammation of arthritis. Nakamura et al 48 reported that the therapeutic treatment (on day 11) with FR901228T does not suppress paw swelling but markedly suppresses bone destruction in AA rats. 45 In contrast, the prophylactic treatment of AA rats (on day 0) with FR901228T completely suppresses paw swelling as well as bone destruction. Chung et al 49 also reported similar results. They found that early treatment of AA with TSA, before the onset of AA, inhibited the inflammation, but that late therapeutic treatment had no significant effect. Prophylactic effect of NDGA on bone destruction would also be addressed in future studies.
In conclusion, we found that the NDGA markedly suppressed osteoclast differentiation through suppressing the induction of NFATc1 possibly via inhibition of calcium oscillation. This is the first report to demonstrate an inhibitory function of NDGA on osteoclastogenesis. We also demonstrated a potent inhibitory function of NDGA on bone destruction in AA rats. Our present study could lead to the development of NDGA as an effective medicine to prevent pathological bone resorption observed in various bone diseases, such as RA. Preceding clinical researches to develop NDGA as a novel anticancer medicine would facilitate the application of this compound to develop as the effective medicine for inflammatory bone destruction.
